The 
INTRODUCTION
Population dynamics of zooplankton may be patchy in space and time and generally shows the characteristics of r-selected species: short generation time, rapid rates of expansion, especially in parthenogenetic taxa, and high population density. Most cladocerans have the capability of rapid population growth so that dramatic fluctuations and decline in abundance are common (Lampert & Schober 1980; Sommer et al. 1986; Gliwitz et al. 2004) . Optimization of responses to stimuli (e.g., photoperiod and temperature), according to their predictive value about the incoming environment, should be selected but, especially in unpredictable habitat, strategy may be needed long before environmental cues change. Under rapid and unpredictable condition changes, when food resources become overexploited or food and environmental quality deteriorate, maternal allocation of resources can have profound implication for the production of offspring appropriate for the conditions that the progeny are expected to encounter. There are many examples, across a range of taxa, showing that mothers may regulate the phenotype of their offspring according to local conditions for maximizing their fitness (La Monatgne & McCauley 2001; Marshall & Uller 2007) . In cladocerans, food availability and population density are factors inducing phenotypic plasticity, reproduction switch and dormant (ephippial) egg production (Hobaek & Larsson 1990; Kleiven et al. 1992; Ban et al. 2009 ). The utilization of density dependent cues is essential in population dynamics control: high population density induces life strategy shift by intraspecific interaction and acts as proximate factor of incoming worse food conditions (Cleuvers et al. 1997) .
A reduced availability of food during development can affect adult morphology, physiology, behaviour and either long term and short term fitness. In Daphnia, food shortage during juvenile development delays development time and reduces growth rate, body size and reproductive output later in life (Glazier & Calow 1992; Hanazato 1996; Pietrzak et al. 2010) . Likewise, limited food access in the adult stage diminishes reproductive output and may influence responses to stress in the progeny (Baird et al. 1989 (Baird et al. , 1991 Hanazato & Hirokawa 2004; Mitchell & Read 2005) .
The trade-off between size and number of eggs or neonates has been regarded as one of the most important component of life history theory and most studies on the genus Daphnia analyzed the responses to food availability by considering algae density. In various Daphnia species, adult females are able to arrange offspring size in response to food availability. At low food levels, D. magna females produce few neonates having a carapace length or weight greater than the ones produced in large broods at high food levels (Smith 1963; Cowgill et al. 1985; Enserink et al. 1990; Boersma 1997a, b; Barata & Baird 1998 ). Glazier (1992) reported interclonal variability probably due to differences in adult metabolic rate leading to a different rate of self-depletion of food. Tessier et al. (1983) found that larger neonates are able to withstand starvation for longer time than the smaller ones, however contrasting results were reported (Enserink et al. 1993) . A similar trade-off between size and number of eggs was observed in D. pulicaria and D. hyalina, with neonates from low-food mothers being more resistant to starvation (Gliwicz & Guisande 1992) . In D. pulex, Taylor (1985) reported that egg mass was significantly greater at the lowest food level but, in the same species, several authors reported that egg/neonate mass and/or offspring size from high-food daphnids were significantly higher than from mothers at low-food (Lynch et al. 1986; Tessier & Consolatti 1991; La Montaigne & McCauley 2001) . In D. galeata offspring were smallest at low food level and largest at intermediate food level (Boersma 1995) .
Relatively few studies analyzed the response to food depletion caused by variation in daphnid density or crowding. In D. magna, females maintained at low stocking densities produced larger numbers of smaller neonates than female at higher densities Naylor et al. 1992) . In both studies, the authors concluded that maternal density, and hence available food ration, influenced both length and weight of neonates. Cleuvers et al. (1997) described similar effects in crowded D. magna not subjected to food limitation. Martínez-Jerónimo et al. (2000) observed that the increase in population density caused a reduction in offspring number per female; besides, maintaining volume per individual equal, the presence of more than one adult per container caused a lower fecundity with respect to daphnids grown individually. Negative interference on growth and fecundity induced by metabolic products released by daphnids has been reported in various species (Goser & Ratte 1994; Burns 1995; Boersma et al. 1999) . Burns (2000) observed that the effect was significant only in small-bodied species. Ban et al. (2009) suggested that physical interference between neighboring individuals affects growth and reproduction. Various Daphnia species responded to crowding (obtained with either high population density or conditioned water) by reducing feeding rate (Hayward & Gallup 1976; Helgen 1987; Matveev 1993; Boersma et al. 1999) . Even if unequivocal and contradictory results could be partially due to differences in food levels and culture conditions, the outcome of the relationship between food availability and offspring size/quality appears controversal.
Our aim was to disentangle the effects of resource depletion from the effects due to crowding per se, by manipulating algae and daphnid density independently. We evaluated the effect of food availability on various traits of life cycle (growth, fecundity, offspring size and resistance to starvation) and the response of crowded females to recovery at high food availability and low population density. The response of two genetically different clonal lineages of D. magna to different conditions of food availability and population density was analyzed. The clones we choose differed in the production of males and sexual eggs (Gorbi et al. 1991) .
MATERIAL AND METHODS
Two clones of D. magna from our laboratory collection were used: Clone P, originally obtained from the Institute of Ecosystem Study, CNR, Verbania Pallanza, (Italy) and Clone L, obtained from the University of Lyon (France). Each clone was identified and classified by the analysis of 14 polymorphic enzymes (unpublished data) and interclonal variation in three enzyme markers (GPI, 6PGD and GOT). The maintenance of the electrophoretic patterns was checked through two years. Previous studies demonstrated that these two clones differ in various life history traits (Gorbi et al. 1991) .
To obtain the experimental cohorts, newborn females (about 40 for each clone) from mass cultures (reared at 20 ± 1 °C and 12:12 L:D photoperiod in a climate-controlled chamber) were transferred to beakers containing 500 ml mineral water (pH = 7.45; conductivity 419 µS cm -1 ; hardness 200 mg CaCO 3 L -1 ; 1 µg B12 vitamin L -1 ) at 1 daphnid per 100 mL density and fed the freshwater green alga Scenedesmus acutus at 1.2×10 5 cells mL -1 density for at least 15 days. Water and food were renewed three times a week. Neonates (age <24 h) from the 4th clutch of these acclimated females were randomly assigned to beakers (5 individuals per batch) containing mineral water and were reared at three different experimental conditions: high algae density and low daphnid density (HALD), low algae density and low daphnid density (LALD), high algae density and high daphnid density (HAHD) (Tab. 1). In HALD treatment, daphnids were not crowded and not food limited, they were reared in the optimal conditions. In LALD treatment daphnids were not crowded but were food limited while, in HAHD treatment, daphnids were crowded and food limited. In HALD and HAHD treatments, daphnids were maintained at the same algae density but they had different per-capita food availability (HALD > HAHD). In HALD and LALD, daphnids experienced the same population density but they had different food availability (HALD > LALD). In HAHD and LALD, daphnids had the same per capita, low, food availability but they lived at different algae and daphnids densities (HAHD > LALD).
The experimental plan was as follows: 2 clones × 3 treatments × 5-6 replicates × 5 daphnids per replicate. Water and food were renewed three times a week. Whenever a daphnid died, the volume in the vessel was proportionally reduced to maintain constant per capita food availability and population density. All experiments were carried out at 20 ± 1 °C and 12:12 L:D photoperiod.
Daphnid growth, survival and fecundity were checked until the 36 th day. Growth was checked by measuring carapace length (with a time step of 5-8 days) of each daphnid from the upper edge to the base of the tail spine. Body size and gender of the neonates were recorded and their ability to withstand starvation was evaluated. For this purpose, 25-30 neonates (age <24 h) per treatment were reared in filtered (0.45 µm mesh) mineral water without food. Survival was checked daily and mean age at death was considered as neonate resistance to starvation.
To evaluate the effect of recovery from crowding on reproduction, a random sample of 36 days old daphnids from HAHD treatment (three batches per treatment) were transferred to a new experimental condition (HASD) where daphnids were neither crowded nor food limited (Tab. 1). Daphnid growth, survival and fecundity were checked until the 63 rd day and neonate body size and gender were recorded. For comparison, the remnant 36 days old daphnids, reared either at HALD and HAHD treatment (three batches per treatment), were maintained in their experimental conditions and checked until the 63 rd day. The effect of different treatments on size, survival and fecundity of the two clones was tested using a twoway ANOVA. Within each clone, difference between treatments was tested using the Tukey test. Body size at maturity was estimated by linear regression of daphnid mean length from birth to 15 days age.
RESULTS
In all conditions, more than 90% of daphnids reached the reproduction age and more than 80% survived until the 36 th day. In Clone P, age at maturity did not change according to food ration and population density, while in Clone L it significantly increased with reduction of food availability and was not affected by crowding per se (HALD < LALD = HAHD; p <0.01) (Fig. 1A; Tab. 2) . In all conditions, Clone L took significantly longer time than Clone P to reach maturity (p <0.001). Daphnid growth, from birth to 15 days age, was linear (r 2 ranged from 1 to 0.952) and size at maturity, estimated by the linear regression, was greater in clone L in all tested conditions. In both clones, and particularly in Clone P, body size at maturity was lower in food-limited daphnids (Fig. 1A) .
In both clones, growth was significantly reduced by food shortage (Fig. 1B) : on the 36 th day, daphnid carapace length at high food level was greater than in foodlimited conditions (HALD < LALD = HAHD; p <0.01). Growth was not influenced by crowding per se since difference in mean daphnid size between LALD and HAHD treatments was not significant. At high food level (HALD), daphnids of Clone L were larger than daphnids of Clone P (p <0.01), while in food-limited and in crowded conditions (LALD and HAHD) mean size did not vary between clones.
Tab. 1. Experimental conditions: HALD= high algae density and low daphnid density; LALD= low algae density and low daphnid density; HAHD= high algae density and high daphnid density; HASD= stepped-up daphnids, i.e. transferred, on the 36 th day, from HAHD treatment to very high algae density and low daphnid density conditions. C= algae carbon content; dw = algae dry weight. 
Fig. 1. (a)
Mean age at maturity (± sd) and (b) mean length on the 36 th day (± sd) of Clone P and Clone L grown at different population density and food availability: high algae density and low daphnid density (HALD), low algae density and low daphnid density (LALD), high algae density and high daphnid density (HAHD). In graph (a) numbers correspond to the mean length at maturity (mm).
In both clones fecundity was reduced by food limitation and by crowding per se (HALD > LALD > HAHD, p <0.001) ( Fig. 2A) . At high food ration (HALD) fecundity was not different between clones, while at low algae density and in crowded conditions it was higher in Clone P than in Clone L (p <0.01), being almost twice in the HAHD condition. Fecundity slumped to 24% and 16%, in Clone P and L respectively, when food shortage was due to low algae density, and to 17% and 9% when food limitation was due to crowding.
In Clone P, abortion rate decreased with reduction of food availability and was not affected by crowding (HALD > LALD = HAHD, p <0.01) ), so that percentage of aborted eggs was lower in food-limited conditions (Fig. 2B) . In Clone L, abortion rate did not change following food shortage (HALD = LALD) and was only slightly reduced by crowding; as a consequence percentage of aborted eggs was higher in food-limited and crowded conditions. Abortion rate and percentage of aborted eggs in Clone P was higher than in Clone L at high food ration (HALD) and lower in food-limited conditions, either when food shortage was due to low algae density and to crowding.
Clone P did not produce males even in food limited and crowded conditions. Clone L produced males in all conditions ( Fig. 2A) : male percentage increased with reduction of food availability and was not influenced by crowding (HALD < LALD = HAHD; p <0.05).
In all conditions, offspring size in Clone L was significantly greater than in Clone P (Fig. 3A) . In both clones, neonate size was larger at low food ration and was not influenced by crowding (HALD < LALD = HAHD, p <0.01). In Clone P, neonates from food-limited mothers, either when food shortage was due to low algae density and to crowding, were able to survive starvation for longer time than neonates from mothers living at high food ration (HALD < LALD = HAHD, p <0.01) (Fig. 3B) . In Clone L, neonate resistance to starvation significantly increased only when food limitation in mother's environment was due to a low algae density (HALD = HAHD < LALD, p <0.01).
A significant interaction between genotype and environment was observed in age at first deposition, fecun- Fig. 2. (a) Fecundity (neonates per daphnid per day of survival ± sd) and (b) abortion rate (aborted eggs per daphnid per day of survival ± sd) of Clone P and Clone L grown at different population density and food availability: high algae density and low daphnid density (HALD), low algae density and low daphnid density (LALD), high algae density and high daphnid density (HAHD). Numbers in graph (a) correspond to the percentage of male neonates in the progeny of Clone L; in Clone P no males were observed. Numbers in graph (b) correspond to the percentage of aborted eggs.
dity, abortion rate and neonate resistance to starvation (two-way ANOVA, Tab. 2). When 36 days old daphnids of both clones were transferred from crowded (HAHD treatment) to low population density and high food ration (stepped-up daphnids, HASD treatment), they increased growth rate and fecundity and produced smaller neonates. Growth rate increased to 0.022 and 0.030 mm day -1 , in Clone P and Clone L respectively, compared to 0.005 (Clone P) and 0.004 (Clone L) mm day -1 observed in daphnids maintained in crowded condition. In Clone L, fecundity completely recovered reaching a level similar to that of daphnids in HALD treatment; in Clone P it increased but remained at a significantly lower level (HALD > HASD; p <0.001) (Fig. 4A) . After transferring, abortion rate increased in Clone P and decreased in Clone L (Fig.  4B) . In Clone L, male percentage in the progeny decreased reaching a value similar to that observed in daphnids maintained at high food ration (HALD treatment) (Fig. 4A) . In both clones, size at birth of neonates from stepped-up mothers (HASD) decreased to values observed in neonates from daphnids maintained at high food ration (HALD) and was significantly lower (p <0.001) than that of neonates from crowded daphnids (HAHD) (Fig. 5) . . Mean length at birth (± sd) of neonates produced by daphnids of Clone P and Clone L reared at high algae density and low daphnid density (HALD), high algae density and high daphnid density (HAHD) and after transferring from crowded to not-crowded condition (stepped-up daphnids, HASD).
DISCUSSION
In our experiments, food limitation was obtained by reducing algae density (LALD) or by increasing daphnid density (HAHD). Since in both these treatments daphnids had the same per capita, low, food availabil- Fig. 3. (a) Mean length at birth (± sd) and (b) mean age at death under starvation (± sd) of neonates produced by Clone P and Clone L at different population density and food availability: high algae density and low daphnid density (HALD), low algae density and low daphnid density (LALD), high algae density and high daphnid density (HAHD).
Fig. 4. (a)
Fecundity (neonates per daphnid per day of survival ± sd) and (b) abortion rate (aborted eggs per daphnid per day of survival ± sd) of Clone P and Clone L grown at different population density and food availability (high algae density and low daphnid density (HALD), high algae density and high daphnid density (HAHD)) and after transferring from high to low population density (stepped-up daphnids, HASD). Numbers in graph (a) correspond to the percentage of male neonates in the progeny of Clone L; in Clone P no males were observed. Numbers in graph (b) correspond to the percentage of aborted eggs.
ity, comparison between LALD and HAHD treatments can account for effects of crowding per se.
As expected, low per capita food ration depressed growth and fecundity in both Daphnia magna clones: the effects of low food availability on reproduction might be mediated by a reduction in body size. In D. magna, age at maturity increases and size at maturity decreases when the environment becomes less favourable: the maturation size threshold could allow an optimal source allocation between growth and reproduction (Ebert 1994) . Moreover, later onset of reproduction increases the probability that neonates will be born after the poor environment conditions have passed (Cleuvers et al. 1997) . The effects on body size and age at reproduction seem to be different in cladocerans reared in food-limited or in crowded conditions. When food concentration is low, daphnids grow slowly and delay reproduction until the body reaches a certain size (Ebert 1991 (Ebert , 1994 . By contrast, cladocerans in crowded condition with adequate food supply do not delay onset of reproduction but mature at smaller size than in non crowded conditions. Age at maturity did not vary in Clone P but increased in Clone L following food shortage. Consequently, differences in size at maturity between high-and low-food daphnids were more pronounced in Clone P than in Clone L. Age at maturity was not influenced by crowding per se, since no significant difference between LALD and HAHD conditions was observed.
The availability of adequate nutrition was the most important factor influencing fecundity in both clones. In food-limited conditions, higher age at maturity and higher percentages of aborted eggs were observed in Clone L with respect to Clone P and this fact contributed to Clone L lower fecundity. In both clones, crowding per se had a significant effect in reducing fecundity: being per capita food availability equal (0.103 mg per daphnid), fecundity was lower in HAHD than in LALD treatment. The effect of crowding on fecundity seems not mediated by size since, in both clones, mean body length was similar in HAHD and LALD conditions. Food shortage caused the increase in male percentage in the progeny of Clone L, while crowding per se had no impact, since the increment in HAHD and LALD with respect to HALD condition was the same. In D. magna, conflicting results on male production in response to food shortage and crowding (no male versus increasing male production) were reported by Cleuvers et al. (1997) and Hobaek & Larsson (1990) . Our data demonstrate that contrasting results may be due to interclonal differences. A significant interaction between clone and environment was also observed in mean age at reproduction, fecundity and neonate resistance to starvation, which shows that our two clones adopted a different life strategy in response to food availability and crowding. Inter genotype variation in reproductive responses to crowding has been also reported in D. pulex (Burns 2000; Fitzsimmons & Innes 2006) .
In our clones, low food availability due to low algae density (LALD treatment) reduced fecundity and enhanced offspring investment in terms of size and resistance to starvation. In order to anticipate food shortage in an environment where algae density was actually low, females of both clones produced larger and more starvation-tolerant offspring. Offspring size increased also when food shortage was due to crowding (HAHD treatment), but it was linked to the increase in resistance to starvation in Clone P and was not in Clone L. In HAHD treatment, algae density was high and the different strategy between the two clones in the investment in neonate resistance to starvation (despite the similar increase in size) might reflect different anticipatory maternal effects (sensu Marshall & Uller 2007) . Clonal mothers, according to the environment they experienced, perceived the probable environment that their neonates would cope and, as well in other life history traits, showed different strategies. In response to food shortage due either to low algae density (LALD treatment) and to crowding (HAHD treatment), Clone P greatly increased the investment in offspring capacity to survive starvation but reduced fecundity to a lesser extent than Clone L and did not produce any male. Clone L, in response to food shortage due to crowding in presence of high algae density (HAHD), increased development time and produced more males, as it did in presence of food shortage caused by low algae density (LALD treatment), in addition it almost halved fecundity with respect to LALD treatment and to Clone P. This strategy implies a deeper reduction of population growth in Clone L than in Clone P. In an environment characterized by food shortage and high algae density, Clone L mothers did not change the investment in offspring capacity to survive starvation but arranged for a drastic reduction in population density, that is, for a less competitive environment for their offspring. These differences in strategy between clones could also be related to a proxy (high population and high algae density) that might be perceived as a condition having an unpredictable outcome. Actually, in presence of food limitation due to low algae density, both clones invested in a greater resistance to starvation in their progeny. Boersma et al. (1998) described inter-genotype difference among clones of D. magna in response to fish kairomones. Our results suggest that such differences can involve both responses to actual conditions and mother anticipatory behavior. It seems therefore that quality of neonates varies according to either the environment the mother experienced (per capita food ration, crowding and algae density) and the competitive environment the neonates will cope due to their mother's life strategy. Beckerman et al. (2006) suggested that, in Sancassania berlesei (a soil mite with limited dispersal capacity), maternal investment was significant but was a relatively small force compared to the progeny competitive environment created by mothers via size-number trade-off, that is controlling their offspring number. Larger neonates were produced during crowded treatment compared with not crowded treatment also in other cladoceran species (Ban et al. 2009 ). The production of large neonates by females that detect crowded situations would be advantageous for survival under forthcoming severe environmental food limitation (Cleuvers et al. 1997) . Boersma (1997) suggested that, since daphnids live in changing environments with respect to food availability, adult females may use their resource acquisition as an estimate of the environmental conditions that their progeny will cope. Actually adult daphnids can rapidly (within two-three instars) modify their life strategy according to changes of food availability in their environment, as demonstrated by the behaviour of stepped-up daphnids in our experiments. Following the increase in food availability, mainly obtained by lowering population density, adult daphnids increased growth and fecundity and, above all, reduced size at birth of their offspring which were as small as the ones born from mothers grown at high food ration. A similar result was described by Enserink et al. (1993) in adult D. magna that experienced an increase in food availability due to the increase of algae density. According to McGinley et al. (1987) , the manipulation of offspring size is favoured (adaptive) only when parents have the capability to drive their offspring for the incoming environmental conditions (i.e., into an appropriate habitat). Both clones in our experiments appeared to be able to change their strategy in accordance to changes in food availability and crowding. As reported by Cleuvers et al. (1997) in D. magna, life strategy shift by crowding, that is, by intraspecific interaction, might have an adaptive significance. In the field, the increase in grazing activity due to rapid cladoceran populations growth, can lead to a drastic drop in algae density. Over a short period of time, the fluctuation in food supply may even involve periods of starvation. In this situation it would be advantageous to produce a low number of bigger offspring having greater energy reserves and able to withstand starvation. This shift in life strategy may be triggered either, by intraspecific interaction and by food shortage, but the effect of intraspecific interaction can be effective before food deficiency actually occurs. Our results seem in accordance with this hypothesis since, in the presence of high algae density, crowded daphnids of both clones depressed fecundity to levels well below the per capita food ration could have sustained. In D. pulex, as well as in other taxa, the effect of crowding on reproduction seems caused by some physical interference between neighbouring individuals (Ban et al. 2009 ). It is well-known that many zooplankton species adopt patchiness or aggregation behaviour, forming swarms with a high density of individuals which benefit from a reduced predation rate but pay the cost of a greater intraspecific competition for food (Tessier 1983; Loose & Dawidowics 1994) . In this scenario, we can consider that aggregation behavior may be a sort of population regulation by intraspecific interaction, i.e. a typical rselected species could benefit from a prompt density dependent regulation of population growth (Rossi et al. 2011) .
In various species of the genus Daphnia, production of larger offspring has been observed when mothers were reared at low food ration compared to high-food mothers. Enserink et al. (1993) showed that the largest neonates, produced by D. magna at the lowest food level, accomplished a more rapid development during starvation. Even if they did not survive longer, they were able to reach the adolescent instar without any additional food and maintained their lead over smaller young during 21 days breeding, indicating that size at birth can have lasting influence. However a different behavior was reported in D. galeata (Boersma 1995) and in D. pulex (Lynch 1989; Tessier & Consolatti 1991; La Montaigne & McCauley 2001) . Lynch (1989) observed that egg dry mass was lower when food carbon levels was reduced from >1.5 to ≤0.8 μg mL -1 . Tessier & Consolatti (1991) found that the lightest neonates were produced at the lowest food, but their size was not smaller than those of neonates produced at high food. La Montaigne & McCauley (2001) reported that neonate size from high-food was significantly larger than for low-food mothers but there were no significant difference in resistance to starvation. By contrast, in the same species, Taylor (1985) reported that egg mass was significantly greater at the lowest food level and Ban et al. (2009) observed that, being constant food concentration, crowded daphnids produced larger and more starvation-tolerant offspring. If a greater size at birth can constitute an advantage, particularly when food is scarce, production of smaller or lighter neonate at low food rather than at high food ration appears a choice that needs further consideration.
CONCLUSIONS
Our results evidenced significant clonal differences in maternal anticipatory effect and this could improve population response to environmental unpredictability. Modulation of growth, fecundity, age at maturity and male production and the concomitant manipulation of offspring size/quality can be regarded as components of an unique complex strategy by which daphnids arrange either the environment of the progeny and offspring ability to withstand the incoming conditions. From this point of view, differences among clones and within species may also depend on differences in the trade-off among the various traits of maternal life strategy, i.e. a different balancing among the different traits.
Many zooplankton species form swarms with a high density of individuals that cope a great intraspecific competition for food. Our hypothesis is that this aggre-gation behaviour may be a mechanism of population regulation that even in a typical r-selected species could result in a prompt density dependent regulation of population dynamics.
